Tension is necessary to maintain and restore the mechanical properties of soft connective tissues. Conversely, reduced tension states such as produced by immobilization weaken mechanical properties and facilitate joint contracture. We assessed the effect of low torque-long duration stretching to increase the range of motion (ROM) and to restore the mechanical properties of contracted joints in 66 rat knees immobilized for 40 days. After remobilization, we randomly divided the contracted knees into four treatment groups treated with repeated stretches of diverse torques and duration: stretching with low-torque and long-duration, hightorque and short-duration, high-torque and long-duration, low-torque and short duration. We included control and natural recovery groups. Phase lag in all treatment groups recovered to the same range as in the normal controls. Dynamic stiffness, which was not altered by joint immobilization, increased in all treatment groups. Deformation and load to failure improved substantially only in the low-torque and long-duration stretching group. Low-torque and longduration repeated stretching leads to a greater restoration of ROM with more normal mechanical properties compared to high-torque and short duration stretching.
Tension is necessary to maintain normal metabolism and the mechanical properties of tendon and periarticular connective tissue. Tension positively influences tendon repair by increasing fibroblast proliferation, migration, protein synthesis, and new collagen synthesis. 8, 14, 17, 24 Within three weeks, a time when collagen fibers begin to mature and establish cross-links, loaded tendons in vitro are stronger compared to unloaded tendons. 4, 11 Increases in DNA, protein, glycosaminoglycan, and collagen synthesis relative to unloaded tendons occur in loaded embryonic chicken tendons. 15 Periodontal ligament fibroblasts exposed to 5% biaxial deformation strain at a frequency of 30 times per minute for 24 hours exhibited statistically substantial increases in type II collagen and fibronectin synthesis. 8 Controlled stretching of repaired tendons accelerates collagen synthesis, fibril neoformation, and proper fiber alignment leading to increased final tensile strength of the tendon. 9 In one in vivo experiment load to failure, deflection, and stiffness were enhanced in mobilized tendons relative to immobilized tendons. 14 Reduced tension states, such as immobilization, promote weakening of the mechanical properties of connective tissues and result in joint contracture. 12, [18] [19] [20] Immobilization increases synthesis and degradation of collagen, an increase in the concentration of reducible collagen cross-links, and newly synthesized collagen which is presumably immature and less capable of resisting the tensile stresses. 2, 3, 5, 7 Prolonged passive stretching is widely prescribed for treatment of joint contracture. 10, 16 Stretching procedures create tensile force, providing signals to promote fibroblast proliferation. 8 Continuous and prolonged stretching appears to provide the most optimal signal for the fibroblast response. 6 The duration and magnitude of the stretching force applied is only guided by subjective clinical impressions based on local skin temperature and a patient's subjective feedback. 3, 12, 14, 24 The periarticular tissues after immobilization have less ability to resist tensile stresses and can easily be damaged when subjected to excessive load. 3, 12, 14, 22 We hypothesized a reduced tension state associated with immobilization would result in weakening of the tissue with increased phase lag (corresponds to the viscosity of the joint tissues) and joint deformation and decreased maximum knee extension angle, dynamic stiffness, stiffness, and maximum load after 40 days of joint immobilization. We also hypothesized low-torque and longduration repeated stretching of the resulting moderately developed flexion contractures would result in a decreased phase lag and deformation, and increased maximum knee ROM, dynamic stiffness, stiffness, and maximum load, relative to high torque and/or short duration repeated stretch treatments.
MATERIALS AND METHODS
We randomly divided rats with experimental knee flexion contractures into one of six treatment groups: an immobilization group (Group I), in which specimens were sampled immediately after surgical remobilization; an untreated group (Group II) where no stretch treatment was given to observe the natural recovery for 4 weeks after surgical remobilization; a high-torque and short-duration stretching group (Group III); a high-torque and long-duration stretching group (Group IV); a low-torque and short-duration stretching group (Group V); and a low-torque and long-duration stretching group (Group VI). The unoperated, contralateral knees served as controls (Group VII). Each group then had tendons tested mechanically after sacrifice. The College Animal Care Committee and the Institutional Ethics Committee approved the experimental design for this study.
Sixty-six 6-week-old young adult male Wistar rats, each initially weighing about 200 g, were subjected to the experimental surgical procedure to create knee flexion contractures. Under intraperitoneal anesthesia with a mixture of ketamine hydrochloride 57.6 mg/mL and xylazine 23.3 g/mL (Ketalar 50 and Celactal for 0.15 mL per body weight of animal), each animal had one knee immobilized in approximately 150°of flexion with a subcutaneous femorotibial wiring procedure (wire diameter 0.7 mm; Mizuho Ika Kougyou, Tokyo, Japan) leaving the contralateral knee as the non-operated control. 21 A 2 mm stab wound and a minimal dissection were necessary to allow the two wire passing guides to be placed along the lateral aspect of the midshaft of the femur and the anterior of the shin. The operator used two different shapes of wire guides with 14 g hollow diameters. The curved first wire guide was inserted from the lateral thigh incision through the adductors muscles to reach the anteromedial point of the tibia. Once in place, a surgical wire was fed retrograde through the guide along the medial aspect of the tibia and femur and exited from the thigh incision. The second wire guide was inserted subcutaneously along the lateral aspect of the leg from the thigh incision to the anterolateral aspect of the tibia. The distal end of the wire was then inserted into the tibial opening of the second guide and passed in the reverse direction until it exited the thigh incision. This procedure resulted in a single wire loop passing around the anterior aspect of the tibia with the ends projecting from the thigh incision. The two ends were then bound with sufficient tension to immobilize the knee. This technique avoided direct intraarticular injury. After cutting the wire ends for proper length, the bound part was subcutaneously buried. After knotting the suture, skin closure was achieved with a 6-0 suture (ELP A13-30; Akiyama Medical MFG, Tokyo, Japan). A spray-on antibiotic plastic dressing was then applied. (Nobectane L Spray; Yoshitomi Pharmaceutical, Osaka, Japan).
Surgical immobilization, in approximately 150°of flexion, allowed four-legged mobility of the animal in a 31 × 25 × 17 cm plastic cage lined with chips. Two or three animals were housed per cage, with a 12-hour light, 12-hour dark cycle. The animals were allowed free access to rat chow and water. The room temperature was maintained at 18°C and the humidity was 50% to 55%. The knee flexion contracture on the operated side developed during the 40 days the animals were kept in the cage.
On the 40th day after surgical immobilization, we removed the immobilizing wire using the same anesthetic technique. A 1-cm incision was made over the lateral aspect of the femoral shaft. The wire was cut and removed, and the dissected skin closed. The surgery for remobilization took approximately 10 minutes, and all animals were able to rise to a normal resting position immediately after recovery from anesthesia. The rats were kept unrestrained in the same cage for another 2 days to let the incision site rest before the stretching treatment was started.
After 40 days of immobilization, joint contracture developed at a minimum of −85°(mean flexion contracture, −125°; range, −85°-−135°) ( Fig 1) . We considered these satisfactory contractures for study. The manual measurement of knee extension angle was standardized after repeated trials using a tension meter.
Fifty-three of the 66 rats had satisfactory development of a contracture on the surgical remobilization day. The reasons for the exclusions of 13 rats were: death due to an overdose of anesthesia during the operation (3), insufficient increase of body weight (2), wire unfastening during the period of immobilization (2) , and insufficient development of joint contracture (6) . Two additional rats died subsequent to anesthetics administered during the stretching sessions, leaving 51 rats for the analysis. The remaining 53 rats with satisfactory development of a knee flexion contracture on the surgical remobilization day were randomly divided into one of the six groups. The knee ROMs among the six experimental groups immediately after the remobilization surgery were similar.
We gave treatments under identical anesthesia beginning the 43rd day after surgical immobilization. Each of the animals in Groups III, IV, V, and VI received a total of 12 treatment sessions, three sessions a week for a 4-week period (performed by MU) until the final treatment session on the 69th day. The body weight and degree of maximum knee extension were measured at each treatment.
After the last treatment session, we sacrificed the animals with ether and an cardiac injection of lethal dose pentobarbital. Within 30 minutes of death, the hind limbs were disarticulated at the hip and at the ankle, and the muscles were removed, leaving the knee capsule and ligaments intact with the femur and tibia. Each specimen assigned to the mechanical analysis of the joint was wrapped in saline-soaked gauze, placed in an airtight bag, and stored at −80°C until mechanical analysis was performed.
We thawed the specimens at room temperature just before the mechanical analysis.
We performed stretching with the anesthetized animal in a supine position on a heating pad, with the pelvis stabilized by an elastic tube attached to the treatment table. The hip on the experimental side was in approximately 100°to 120°of flexion. The ankle of the experimental side was taped and tied to a jig of a digital force gage (DPS-0.5; IMADA, Toyohashi, Japan). The direction of the stretch was set toward extension with traction applied to the whole lower extremity. The hip was maintained in a neutral position with respect to rotation and abductionadduction. We monitored rectal temperature to keep the temperature 36°C with the heating pad.
To apply a fixed amount of torque (T) to the knee in every treatment session, the length between the knee and the ankle tape (L), and the angle between the traction line and the extended line from the lower leg () was measured. Calculations were performed to adjust the tensile force (W) at each treatment as follows ( Fig 2) :
T ‫ס‬ L и W и sin W ‫ס‬ Tensile force Tensile force of previous treatment session: W 1 Tensile force of present treatment session: W 2 ‫ס‬ Angle between the pulling tape and the extended line from the lower leg
The angle of previous session: 1 The angle of present session: 2 L ‫ס‬ Length between the knee and the ankle tape Length of previous session: L 1 Length of present session: L 2 F ‫ס‬ Component of W normal to the long axis of leg
High torque was applied as a force of 0.045 Nm and low torque was applied as 0.02 Nm. We calculated the intensity of high torque from the readings of the force gage measuring the force an experienced therapist applied to maximally stretch the contracted knee of a rat. The intensity of the low torque was calculated in the same way when the therapist applied mild to moderate stretch. The stretching time for a single treatment was set at 40 minutes for long duration, and 20 minutes for short duration, considering a possible duration with stable anesthetic condition.
We measured the maximum passive knee extension angle under anesthesia, defined as the angle between the extension line from the thigh and the lower leg, expressed in minus degrees (Fig 1) . A rat's maximum passive knee extension angle on the normal side ranges between −20 and −30°. The angle was measured using a plastic goniometer with the animal on its side, the thigh in a right angle to the trunk and the talocrural joint passively plantar-flexed. All goniometer tests were performed by one individual (MU) who was blinded to the results. One arm of the goniometer was placed parallel to the line between the greater trochanter and the knee, which had been premarked with a felt-tip marker. The fulcrum was centered over the lateral knee, the space that can be felt as the soft tissue depression just posterior to the lateral tibial plateau. Another arm of the goniometer was placed parallel to the longitudinal axis of the lower leg and over the ankle at midwidth. The tensile force applied to the knee during the goniometer measurement was approximately 80 to 100 g, and the distance between the knee and the therapist's finger placement on the animal's foot was about 5 cm (Fig 3) .
After harvest and preparation we mounted the proximal end of the specimen's femur in a custom jig for the mechanical tests Fig 4) . We performed two series of mechanical tests. These were nondestructive, dynamic forced vibration methods to examine viscoelasticity (phase lag and dynamic stiffness) and static destruction test using tensile force. The first mechanical test performed was to evaluate viscoelasticity of the periarticular connective tissue at the primary phase of lengthening. The testing protocol for the viscoelasticity of the bone-joint-bone complex was identical to a previously published study by Akai et al. 1 This method is designed to evaluate viscoelasticity of the periarticular connective tissue and the intraarticular architecture. The viscoelasticity of the specimen's knee was analyzed using forced vibration, a method that uses spectral analysis based on the fast Fourier transform of displacement, in which mechanical signals are modified in amplitude and phase as they pass through the knee. A small rod, connected to a load cell, applied vertical force providing a forced vibration at a frequency of 35Hz, a static load of 3 g, and a dynamic load of 1 g, to the distal end of the tibia. A spectrum analyzer (3582A, Hewlett Packard, Corvallis, OR) worked as a dual-channel Fast Fourier Transform machine and provided electrical driving signals to the viscoelastic spectrometer (DDV-VMF, Orientec Co., Tokyo, Japan), which were converted into random mechanical noises. The complex transfer function H(f) was defined as a ratio of the cross power spectrum G YX and the autopower spectrum G XX .
The transfer functions (the ratio of output/input of the dynamic stiffness and the phase lag) were shown on a display of the analyzer (Fig 5) . For quantitative measurement of the actual value of viscoelastic properties, another sinusoidal vibratory load of amplitude 0.03 N was added.
where : angular frequency, t: time, ␦: phase lag This test indicated phase lag (tan ␦) and a dynamic stiffness (F 1 /D 1 ). Phase lag indicates the shock-absorbing ability of a joint when fibers start to resist tension at the primary phase of lengthening the tissue. Dynamic stiffness is an indication of transformresistant at the primary phase of stretching the tissue.
Another mechanical test, the tensile-testing of the bone-jointbone complex, was determined from the load-deformation curves. A load cell, attached to a traction (TensilonUTM-10T; Orientec, Tokyo, Japan) that moved at velocity of 3 mm/min, applied at the distal end of the tibia, provided vertical force to hyperextend the joint. The test started the analysis from the knee in maximally extended position. A load cell was set perpendicular to tibia shaft so there was no change in the angle of force input. Position of femur was adjusted during the test so a load cell was touching tibia at right angle. Load indicates resistance force of the knee. Deformation indicates the total distance load cell moved from the point of initiation to sudden drop of the resistance force. Maximum load is the largest resistance force recorded just before the drop. The load and deformation of each joint was continuously recorded with a xy-recorder. The liner slope of load-deformation curve was used to calculate peak maximum load (N), deformation (mm), and stiffness (N/mm) of the joint ( Figure 6 ). The specimens were kept moist with normal saline at all times and the tests were completed within 4 hours of thawing.
We used scientific software (Stat View for Windows, Abacus Concepts, Inc, Berkeley, CA) to constitute the database and perform the statistical analyses. Knee ROMs at the removal of the wire (remobilization) and at the 12th treatment session and mechanical outcomes were compared between all groups with the exception of knee ROMs at the 12th treatment session of Group I, which was sampled before treatment started. Post-hoc analyses of significant comparisons were conducted with Fisher's Protected Least Significant Difference (p Յ 0.05).
RESULTS
Knee ROMs improved gradually in all treated and untreated groups (Fig 7) . After the 12 treatment sessions and when compared with the untreated Group II, knee ROMs increased most in low torque-long duration Group VI (p < 0.0001), followed by high torque-long duration Group IV (p < 0.0001) and high torque-short duration Group III (p < 0.0017). Knee ROM of low torque-long duration Group VI was larger than high torque-short duration Group III and low torque-short duration Group V (p < 0.0001) and high torque-long duration Group IV (p ‫ס‬ 0.0002). Groups of low torque-short duration V and untreated Group II and groups of high torque-short duration III and high torquelong duration IV were similar (Table 1) .
In a forced vibration method to measure viscoelastic properties of the sample, dynamic stiffness indicates elastic resistance against load. Phase lag (loss tangent) represents the amount of dissipation of energy, ie, its viscous nature. Phase lag of Groups immobilization I and untreated II were higher (p ‫ס‬ 0.047 and 0.0071, respectively) than the normal control Group VII; Groups immobilization I and untreated II were similar. Although phase lag for treatment groups high torque-short duration III, high torque-long duration IV, low torque-short duration V, and low torque-low duration VI were similar to the normal control Group VII, phase lag of high torque-long duration Group IV was lower (p ‫ס‬ 0.0312) than Immobilization Group I and phase lag of high torque-long duration Group IV and low torque-short duration Group V were lower (p ‫ס‬ 0.0078 and 0.0134, respectively) than untreated Group II. Phase lag of the joint, which increased as a result of immobilization but not altered by natural recovery for 4 weeks remobilization, was decreased by stretching treatments, regardless of torque and duration used in this study (Table 2, Fig 8) .
The dynamic stiffness among Groups immobilization I, untreated II, and control VII was similar. Furthermore, dynamic stiffness increased (p ‫ס‬ 0.0083, 0.0143, 0.0014 and 0.0465, respectively) in all of treatment groups high torque-short duration III, high torque-long duration IV, low torque-short duration V, and low torque-long duration VI, instead of decreasing to get closer to the same value as in normal control. Reduced tension status, as in groups immobilization I and untreated II, did not alter dynamic stiffness of the joint, while the joints received stretching signals as did all treatment groups (Table 2, Fig 8) .
The stiffness of the untreated Group II was higher (p < 0.0001) than the immobilization Group I, but was lower (p < 0.0001) than the normal control. The stiffness of each treatment group was similar to untreated Group II. Stretching signals did not affect the stiffness of the joint contracture any more than the natural recovery during the 4-week treatment period (Table 3, Fig 9) . Deformation of groups low torque-long duration VI and control VII was smaller (p ‫ס‬ 0.0274, p < 0.0001) than group immobilization I, while those of groups untreated II, high torque-short duration III, high torque-long duration IV, and low torque-short duration V remained large and were similar to group immobilization I (Table 3, Fig 9) .
Peak maximum load was smaller (p ‫ס‬ 0.005) in groups immobilization I through low torque-short duration V than control Group VII; groups untreated II, high torque-short duration III, high torque-long duration IV, low torqueshort duration V, and low torque-long duration VI were similar. Among the latter groups, group low torque-long Fig 9) .
DISCUSSION
Our data suggest 20 minutes and/or 40 minutes of a stretching procedure per day, three times a week, contributes to an increase in ROM more than natural recovery. Low torque-long duration stretching increased ROM more than all of the treatment settings, suggesting the tension applied clinically in stretching procedures should be gentle and within patient's tolerance. Furthermore our data also suggest for effective outcomes long durations are crucial. We note several limitations; more attention should have been given to the reliability of knee angle measurement. The method of measurement was blinded and carefully planned; however, repeated measurements were not performed at each treatment session. Anesthesia with a mixture of ketamine and hydrochloride was effective for only 60 to 80 minutes, which confined the long duration stretching to 40 minutes because body weight and knee angle measurements and treatment setup required 20 minutes. Values are means ± SD in degrees; *larger than Group I-VI (p < 0.0001); † larger than untreated Group II (p = 0.0017); ‡ larger than untreated Group II (p < 0.0001); § smaller than Group VI (p < 0.0001); ¶ smaller than Group VI (p = 0.0001) We immobilized the rat knees for 40 days to create the flexion contracture model in this study because it is the longest period of immobilization allowing reversal of the loss of ROM, and it does not cause cartilage change. According to Yaoita, 23 who immobilized rat knees up to 70 days ROM returned to normal if the period of immobilization was less than 40 days. It was not reversible if the immobilization period exceeded 60 days, as degeneration of cartilage developed. It took 30 days after remobilization to regain full of range of motion of the knee previously immobilized for 30 days. When the duration of immobilization increased to 40 days, ROM did not fully recover within 40 days after remobilization. In pilot studies we found limited ROM of rat knees returned to normal in as short as several days after remobilization if the immobilization period was only for 14 days, whereas it took 60 days after remobilization to restore normal ROM if the immobilization period was 40 days.
By 40 days of immobilization, we found decreased alterations in ROM, stiffness, and maximum load to failure, increased alterations in phase lag and deformation. Dynamic stiffness was the only parameter unaltered after 40 days of immobilization. Dynamic stiffness is an indication of transform-resistance at the primary phase of stretching the tissue. Unlike humans, the maximum extension angle of rat knees is 20 to 30°in flexion. Lack of mechanical stress to the posterior portion of the joint as in flexed knee position of both normal and immobilized status could be the reason for no alteration in dynamic stiffness in Groups I and II. Therefore it is assumed dynamic stiffness may increase only when tensile force is applied to joint in full extended position. It is also assumed dynamic stiffness may not decrease even if there is lack of tensile force applied to the tissue. This idea corresponds to the result dynamic stiffness increased in all of the treatment Groups III thru VI.
A possible explanation for the induced dynamic stiffness in all the treatment groups when there was no alteration in Groups I and II is the effect of the stretching procedure itself. The stretching procedure provides more Values are means ± SD. *1 = significantly larger than Group VII (p = 0.047); *2 = significantly larger than Group VII (p = 0.0071); *3 = significantly smaller than Group I (p = 0.0312) and Group II (p = 0.0078); *4 = significantly smaller than Group II (p = 0.0134); *5 = all treatment groups were significantly larger than the control (p < 0.05)
Fig 8.
Averaged values of viscoelastic properties (phase lag and dynamic stiffness) in each group are compared. Phase lag increased with immobilization (I), remained high after natural recovery (II), but decreased in all stretching groups (III-VI) and were similar to control (VII). Dynamic stiffness did not alter with immobilization (I), remained unchanged after natural recovery (II), but increased in all stretching groups (III-VI) compared to control (VII). I = immobilization; II = untreated; III = high torque-short duration stretching; IV = high torque-long duration stretching; V = low torque-short duration stretching; VI = low torquelong duration stretching; VII = control.
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Usuba et al tensile load than during four-legged walking, and might induce increased migration of fibroblasts and increased collagen synthesis at the bone-capsular attachment site. Low torque-long duration stretching was also effective in the recovery of some of the mechanical properties such as phase lag, peak maximum load, and deformation. Phase lag indicates the shock-absorbing ability of a joint when fibers start to resist tension at the primary phase of lengthening the tissue. Induced phase lag of a joint with contracture, as seen in Group I, is weak and less capable of resisting external impact. Because phase lag recovered in all the stretching groups after 12 sessions, and because deformation and maximum peak load recovered in the low torque-long duration stretching group, one could expect the return of a satisfactory mechanical property of the joint to resist external force. Without stretching, the joint with contracture will remain fragile.
Stiffness was the only mechanical property that was not more effective in the treatment groups than in natural recovery. Substantial increase of stiffness by stretching treatments may require a longer observation period. Although several clinical studies suggest a substantial clinical effect with low-load prolonged stretch, 10, 13, 16 few experimental studies with quantitative evidence support socalled tissue induction effect through cellular function and collagen synthesis change. 13 Our data would be limited to a patient with moderate contracture without cartilage involvement. Forty-day immobilization produces a joint contracture model with more involvement of the joint capsule than soft tissue around the joint, such as muscle. Trudel and Uhthoff 18 reported arthrogenic changes played an increasing role in limiting the ROM of joints after immobility, especially when the period of immobility extends beyond 2 weeks. For those with mild ROM limitation with more involvement of soft tissue, and for those with severe ROM limitation with cartilage degeneration, tissue response to stretching may differ.
The joint contracture model we used represents moderately limited ROM without cartilage and nerve involve- Values are means ± SD. *1 = significantly larger than Group I (p < 0.05); *2 = significantly smaller than Group VII (p < 0.0001); *3 = Group VI was significantly smaller than Group I (p = 0.0274); *4 = Group VII was significantly smaller than Group I (p < 0.0001); *5 = significantly larger than Group I (p < 0.0001); *6 = significantly smaller than the control Group VII (p < 0.005) Fig 9. Stiffness, deformation, and maximum peak load in each group are compared. Values are mean ± SD (see tables for statistical differences). I = immobilization; II = untreated; III = high torque-short duration stretching; IV = high torque-long duration stretching; V = low torque-short duration stretching; VI = low torque-long duration stretching; VII = control. ment. The data suggest mild and long-duration stretching is more favorable than high torque or short-duration stretching for patients with similar signs. In our previous in vivo study using a similar joint contracture animal model, 20 heat combined stretching was more effective than stretching alone. There are many chronic cases with inflammation in peri-or intraarticular tissue or degeneration of cartilage. Response of fibroblasts to mechanical stretch may differ when inflammation is present. Although the joint is more responsible for restriction of ROM than muscle when duration of immobilization extends more than 2 weeks, 19 contribution of muscle to contracture is indisputable. Alterations in muscle fiber type and mechanical properties of muscle, tendons and infammed joint after remobilization and stretch and heat treatments require further investigation.
